We unveil new device physics and provide details of device mechanisms by investigating polymer solar cells (PSCs) incorporating Au nanoparticles (NPs) into the hole collection poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) layer. Theoretical and experimental results show that the very strong near field around Au NPs due to Localized Surface Plasmonic Resonance (LSPR) mainly distributes laterally along the PEDOT:PSS layer rather than vertically into the adjacent active layer, leading to minimal enhancement of light absorption in the active layer. This finding can be extended to a typical class of solar cells incorporating metallic NPs in spacing layers adjacent to the active layer. With optical effects proven to be minor contributors to device performance improvements, we investigate the electrical properties of the PSCs and obtain insights into the detailed device mechanisms. Improvements in power conversion efficiency (PCE) of solar cells are found to originate from the enlarged active layer/PEDOT:PSS interfacial area and improved PEDOT:PSS conductivity. At high NP concentrations, reduced exciton quenching at donor/acceptor junctions is found to cause PCE deterioration. Our findings indicate that it is highly important to investigate both optical and electrical effects for understanding and optimizing PSC performances.
Introduction
Amongst various emerging technologies in the field of photovoltaics, the bulk-heterojunction polymer solar cells (PSCs) have proved to be highly promising candidates, due to their simple fabrication procedure, physical flexibility and low material cost. 1 However, there are still some challenges to address in organic photovoltaics. In particular, the low exciton diffusion length and low carrier mobility of organic semiconductors [2] [3] [4] [5] [6] limit the light absorption efficiency and thereby the power conversion efficiency (PCE) in such cells. Efforts have been made to cater for this problem. One method of particular interest is the incorporation of metallic nanoparticles (NPs), commonly Au or Ag NPs, into device structures. By utilizing the Localized Surface Plasmon Resonance (LSPR) effect, electromagnetic fields near metallic NPs can theoretically be enhanced for improving the optical absorption in PSCs.
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Although efficiency enhancements in PSCs through the incorporation of NPs have been investigated experimentally,
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the degree of contribution of LSPR effects remains inconclusive. Limitations exist in using incident photon to electron conversion efficiency (IPCE) as the evidence for LSPR effects, as IPCE is highly affected by the electrical characteristics of the devices. Furthermore, if LSPR effects are present, it is still uncertain whether the enhancement of the electromagnetic fields near metallic NPs can improve the light absorption in the active layer. Meanwhile, some reports have stated that the variation of solar cell performances may be due to the introduction of 'dopant states' in the active layer or modified electrode interfaces. 22, 23 It has also been shown that additives can induce morphological changes in the PEDOT:PSS layer. 24, 25 Consequently, the investigation of both electrical and optical effects is highly important and desirable to better understand the actual physics within the 'plasmonic' PSC.
To investigate the origin of performance improvement after addition of NPs, we study the effect of doping the PEDOT:PSS layer of a PSC with $18 nm diameter Au NPs. Monofunctional poly(ethylene glycol) (PEG)-capped Au NPs are doped into the PEDOT:PSS hole collection layer of an optimized PSC with poly (3-hexylthiophene) (P3HT):phenyl-C61-butyric acid methyl ester (PCBM) as the active layer, leading to $13% peak PCE improvement. The effect of PEG capping on Au NPs is also investigated from a device fabrication perspective. Together with theoretical simulations, we investigate the impact of Au NPs on the optical and electrical properties of our PSCs. Our results show that the competition between improved hole collection at the PEDOT:PSS/active layer interface and reduced exciton quenching, at donor/acceptor junctions, instead of the LSPR effect, is a major contributor to the measured PCE variation.
Experimental

Synthesis of Au NPs
The synthesis method for Au NPs was reported previously.
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To cap the Au NPs with PEG, 10 mg of O-[2-(3-mercaptopropionylamino)ethyl]-O 0 -methylpolyethylene glycol (M w 5000, Sigma-Aldrich) was dissolved in 1 ml of deionized water, and then the solution was rotated in a rotary evaporator to make it uniform. 0.5 ml of Au NPs was added into the solution and then heated at 70 C for 15 minutes to evaporate the water. The NPs are then dissolved in 0.5 ml of deionized water to make a uniform solution.
Device fabrication and characterization
To prepare different concentrations of Au NPs in PEDOT:PSS layers, 20 ml of Au NP solution of various NP concentrations is added to 80 mL of PEDOT:PSS (Baytron AI 4083). The resulting solutions were spin-coated onto ITO-coated glass substrates and were subsequently annealed at 140 C for 10 min. The resulting thickness of PEDOT:PSS is $30 nm measured by a Dektak stylus profiler. Incorporation of Au NPs does not alter the PEDOT:PSS film thickness. For devices with an additional layer of PEDOT:PSS fabricated on top of the PEDOT:PSS:Au NP layer, the PEDOT:PSS:Au NP films were treated by ultraviolet light for 1 min. PEDOT:PSS was then spin-coated on top of the layer and then annealed for 10 min. The active layer comprises P3HT (Luminescence Technology Corp.) and PCBM (Nichem Fine Technology Ltd.). The polymer blend solution was prepared by mixing P3HT and PCBM at 1 : 1 ratio, with a total concentration of 45 mg ml
À1
. Device fabrication conditions were optimized prior to this investigation. The mixed solution was spin-coated at 800 rpm for 45 seconds, and was then subjected to solvent annealing for $40 min. The film was then thermally annealed at 110 C for 10 min. The thickness of the active layer is $220 nm. Finally, LiF (1 nm) and Al (100 nm) are sequentially evaporated onto the polymer layer as a cathode to create a device of area 5.77 mm 2 defined by a shadow mask. The transmission electron microscope (TEM) image of Au NPs was measured using a Philips Tecnai G2 20 S-TWIN. Scanning Electron Microscope (SEM) images are measured using a Hitachi F-4800 FEG SEM. The absolute refractive index and absorption coefficient were measured by the spectroscopic ellipsometry (Woollam). Details of the measurement of J-V characteristics have been described elsewhere. 28 The IPCE measurement was performed by a system combining xenon lamp, a monochromator, a chopper and a lock-in amplifier together with a calibrated silicon photodetector (Hamamatsu mono-Si cell). AFM characterization was conducted by using an Asylum Research MFP-3D in tapping mode.
Theoretical modeling
The effects of Au NPs on the light absorption at the active layer of organic solar cells and thus the exciton generation rate have been theoretically determined. As a rigorous, fast and efficient solver of Maxwell's equation, volume integral equation-fast Fourier transform (VIE-FFT) has been built in this work. The algorithm is particularly capable of modeling thin-film solar cells incorporating small plasmonic NPs of sizes ranging from 10 nm to 100 nm. The plasmon coupling and hybridization of metallic NPs, as well as their interplay with the solar cell device structure, have been fully taken into account. Details of the model are described in ESI A †.
Results and discussion
Device performances for Au NP devices
The current density (J) versus voltage (V) characteristics of devices with structure ITO/PEDOT:PSS (with PEG-capped Au NPs)/P3HT:PCBM/LiF (1 nm)/Al (100 nm) incorporating various Au NP concentrations in the PEDOT:PSS layer are shown in Fig. 1 . The device characteristics are summarized in Table 1 . We can observe that increasing Au NP concentration in PEDOT:PSS improves PCE of our PSCs, peaking at 0.32 wt% with a PCE of 3.51% which corresponds to $13% improvement. Improvements originate from increases in FF and J sc , from 0.58 to 0.62 and 8.5 mA cm À2 to 8.94 mA cm À2 , respectively. Further increasing the concentration of NPs has detrimental effect on device performances, with PCE dropping to 2.80% at 1.92 wt% Au NP concentration. From the dark J-V characteristics in the inset of Fig. 1 , no significant change in the leakage current is observed after incorporation of Au NPs. In order to understand the underlying physics of the PCE trend, we study the optical and electrical properties of our devices in the following sections. produces Au NPs with a positive surface charge, 26 while PSS molecules are anionic in nature.
29 When Au NPs are added to PEDOT:PSS solution, the adsorption of anionic PSS molecules on positively charged Au NPs leads to the aggregation of Au NPs. On the other hand, the PEG capping layer has a shielding effect on Au NPs, leading to reduced interaction of NPs with the surrounding medium. 30 To make sure that PEG itself does not have any effect other than the prevention of Au NP aggregation, 27 we compared devices with and without PEG (2 mg ml À1 ) dissolved into the PEDOT:PSS layer and observed no discernible difference in the performance. Therefore, PEG itself does not exert any significant effects on our device performances. The contribution of PEG is to prevent formation of aggregation sites and allow the uniform dispersion of Au NPs. Hence, we will investigate the effects of PEG-capped Au NPs on PSCs, and all mentions of Au NPs are considered to be PEG-capped hereafter in this report.
The positioning of Au NPs along the vertical profile of the PEDOT:PSS film is shown in Fig. 3c . It can be observed that the majority of the bulk of individual NPs are located within the PEDOT:PSS layer. At the locations of Au NPs, bumps are created on the surface of PEDOT:PSS. However, it should be noted that the Au NPs at the bumps are still covered by a layer of PEDOT:PSS and we did not observe any bare Au NP protrusions in our measurements.
Plasmonic effects
In order to directly investigate LSPR effects, we measured the absorption spectrum of the PEDOT:PSS/P3HT:PCBM films, with or without Au NPs in PEDOT:PSS as shown in Fig. 4a . Interestingly, we observed no significant difference in absorption between the samples with and without Au NPs. In order to understand plasmonic effects of Au NPs in the devices, we have The reason for the small optical enhancement is that when light is incident in normal into the device through ITO, the very strong near field around Au NPs due to LSPR mainly distributes laterally along the PEDOT:PSS layer rather than vertically into the adjacent active layer as shown in Fig. 5 . As a result, no clear light absorption enhancement can be obtained in the active layer of P3HT:PCBM. Importantly, the understanding can also be applied to other cases with the metallic NPs (such as Ag, Pt, etc.) incorporated into the buffer layer adjacent to the active layer of typical organic thin-film solar cells due to the lateral distribution feature of the strong near-field. Meanwhile, the work suggests that near-field physics needs to be accounted for in the optical design of photovoltaics, and some traditional physical quantities, such as scattering cross section, are not enough to fully characterize the optical properties of PSCs. For instance, typically, the scattering cross-section is very useful to locate the plasmonic resonance region and determine the strength of scattering.
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However, it cannot provide the directional properties of the electric field and thus the direction dependence of absorption enhancement.
Even though there is no obvious enhancement in the light absorption of the active layer, IPCE of our PEDOT:PSS:Au NP devices increases with the Au NP concentration and the 0.32 wt % device shows the highest IPCE, with $64% at 550 nm as shown in Fig. 4b . For higher Au NP concentrations, IPCE decreases. This is in good agreement with the trend of J sc . The apparent discrepancy between light absorption and IPCE can be explained by the fact that IPCE measures the percentage of incident photons that eventually results in free charges being collected through the PSC electrodes. Factors beyond light absorption, such as the resistance of electrodes, exciton dissociation rates and charge collection efficiencies, will also affect the magnitude of IPCE. However, such non-optical effects are likely to be not wavelength sensitive and are represented by vertical shifts of the entire IPCE spectrum. Comparing devices with or without Au NPs in Fig. 4b , we observe that our measured IPCE shows a wideband improvement from $400 to 650 nm. We therefore conclude that electrical effects, instead of plasmonic effects, play a major role in performance improvement.
It should be noted that in the measurement of light absorption shown in Fig. 4a , we have eliminated the absorption of the PEDOT:PSS layer (with or without Au NPs) as it will absorb light. Therefore, the absorption spectrum represents light harvesting within the active layer only, which is important for understanding the plasmonic effects on device performances. The insignificant change in absorption spectra is a direct evidence that light absorption in P3HT:PCBM is unaffected by the incorporation of Au NPs.
Effects of Au NPs on PEDOT:PSS
The morphology changes of the PEDOT:PSS:Au NP layer are investigated by applying Atomic Force Microscopy (AFM) on a PEDOT:PSS:Au NP film for different NP concentrations as shown in Fig. 6 . Upon increasing the Au NP concentration, we observed an obvious change in surface morphology of the PEDOT:PSS film, with an increase in roughness of $5% and $40% for 0.32 wt% and 0.64 wt% Au NPs, respectively. It has been reported that increasing anode surface roughness will increase the interface area between the anode and the active layer, providing shorter routes for holes to travel to the anode and enhancing hole collection at the anode. 33 The increased interfacial area between PEDOT:PSS and P3HT:PCBM allows the collection of a larger number of holes in the P3HT:PCBM layer, thus increasing J sc of our devices. In addition, the reduced mean distance of between generated holes and the PEDOT:PSS interface diminishes the dependence of holes on the external electric field for collection at the anode, explaining the improvement in FF of our devices. Besides, it has been suggested that a rough P3HT:PCBM surface creates defect sites that assist exciton dissociation. 34 These effects together account for the improvements in J sc and FF in our devices. In fact, we observe improved forward bias injection upon addition of Au NPs in our devices, further supporting our claim that the increased PEDOT: PSS roughness increases the PEDOT:PSS/P3HT:PCBM interfacial area (see ESI, Fig. S1 †) . Considering the optical effects of a rough PEDOT:PSS surface, we have measured the transmission of PEDOT:PSS with or without Au NPs and observed no discernible difference. In addition, the refractive index difference between PEDOT:PSS and P3HT:PCBM is not large and the roughness is in the nanoscale range. Hence, the rough PEDOT:PSS surface does not contribute to scatter light significantly (see ESI, Fig. S2 †) .
To further elucidate this effect, we have attempted to remove the surface roughness of the PEDOT:PSS layer while retaining Au NPs inside the PEDOT:PSS film. To accomplish this, an extra PEDOT:PSS layer is spin-coated on top of the PEDOT: PSS:Au NP layer. From our AFM images in Fig. 6 , this extra layer smoothens the surface of the PEDOT:PSS to a morphology similar to a regular PEDOT:PSS layer. Devices are fabricated with the structure ITO/PEDOT:PSS:Au NPs/PEDOT:PSS/ P3HT:PCBM/LiF (1 nm)/Al (100 nm). We observed that after the insertion of the pristine PEDOT:PSS layer, the presence of Au NPs in these devices provides no improvements in device performance (see ESI, Fig. S3 †) . Meanwhile, since optical effects have been proven to be unlikely to be a major contributor to performance improvement, one cannot argue that positive LSPR effects are diminished by the alteration of optical interference profile inside the PSC due to the addition of an extra layer of PEDOT:PSS. As a result, the main effect of the extra PEDOT: PSS layer is to smoothen the rough surface of the PEDOT:PSS: Au NP layer. Consequently, the results indicate that the rough PEDOT:PSS:Au NP layer surface positively contributes to device performances.
We also measured the resistance of PEDOT:PSS from resistive devices with the structure ITO/PEDOT:PSS:Au NPs/Al (80 nm). J-V measurements from these devices indicate a slight reduction in PEDOT:PSS resistance from 1.33 U (no NPs) to 0.97 U (0.32 wt%). Although reduction in PEDOT:PSS resistance reduces the series resistance of PSCs, the small decrease in PEDOT:PSS resistance can only provide minor contributions to device performance improvement. On the whole, we conclude that the improved hole collection at the roughened interface between PEDOT:PSS and P3HT:PCBM enhances device performances, while a slight reduction in PEDOT:PSS resistance by the incorporation of Au NPs can also provide minor contribution to performance improvements.
Effects of Au NPs on exciton quenching
A missing picture is the origin of device performance degradation at high NP concentrations. To investigate this effect, we measured the photoluminescence (PL) spectrum of PEDOT:PSS: Au NPs/P3HT:PCBM films (see Fig. 7 ). The PL spectra show increasing PL intensity upon increasing concentrations of Au NPs, with a maximum of $10% increase at $647 nm. PL intensity changes can be caused by three main reasons: changes in optical absorption, exciton quenching at metal/ organic interfaces [35] [36] [37] and exciton quenching at donor/acceptor (D/A) interfaces. 38, 39 The possibility of changes in optical absorption is eliminated, as we have experimentally and theoretically shown previously that light absorption of PSCs does not change significantly after incorporation of Au NPs. Considering the second reason, exciton quenching at metal/organic interfaces, it has been reported that capping an insulating layer on Au NPs can prevent direct contact between the metal and organic layer, hence preventing exciton quenching on the NP surface. For the third reason, the reduction in exciton quenching at D/A junctions indicates reduced D/A interface area and hence a change in the morphology of the active layer. 41, 42 We should be careful that studies have shown that the PL increase can be a result of an increase in crystallinity of P3HT in the P3HT:PCBM blend, causing an increase in hole mobility and PCE, 38, 43, 44 which apparently cannot address our results. However, it should be noted that the increase in crystallinity of P3HT has also been associated with an enhancement of absorption of P3HT:PCBM in the red region, which is not observed in our study. Hence, the increase in PL in our study is attributed to changes in phase separation in the P3HT:PCBM blend leading to the reduced D/A junction interfacial area, instead of changes in crystallinity of P3HT. The reduced D/A junction area causes exciton dissociation efficiency to decrease and reduces PCE. In fact, we also studied AFM images of the top surface of the P3HT:PCBM film and observed no significant change in top surface morphology (see ESI, Fig. S4 †) . This implies that the rough PEDOT:PSS surface, caused by the incorporation of NPs, could only cause a change in internal networking of the subsequently spin-coated P3HT:PCBM film near the PEDOT:PSS side.
To provide further evidence of the roughness effect on the change of phase separation, we measured the PL spectrum of the PEDOT:PSS:Au NPs/PEDOT:PSS/P3HT:PCBM film (see Fig. 7 ), and no significant difference in PL intensity between the samples with the single PEDOT:PSS layer (without Au NPs) and double PEDOT:PSS layer (with Au NPs in first layer) is observed. In this case, no clear PL intensity change is observed as the smoothened PEDOT:PSS surface, caused by the addition of an extra PEDOT:PSS layer, does not alter the internal networking of the active layer. Therefore, we conclude that incorporation of Au NPs modifies PEDOT:PSS surface morphology and leads to the reduced exciton quenching, which can be explained by alterations in the internal networking of the P3HT:PCBM film near the PEDOT:PSS side.
In terms of the impact on device performances, on one hand, the reduction in exciton quenching after addition of Au NPs implies a reduction in free carrier generation, leading to a lower J sc and FF. On the other hand, the previously investigated hole collection improvement is advantageous to J sc and FF. The competition between the two effects contributes to the trend in PCE variation as shown in Table 1 : as Au NPs are added to PEDOT:PSS, the surface roughness increases, creating a larger PEDOT:PSS/P3HT:PCBM interface area. Therefore, more holes can be collected at the anode, leading to enhancements in J sc , FF and PCE. However, the increased roughness also affects P3HT: PCBM networking and reduces exciton quenching. When the Au NP concentration increases further from 0.32% towards 1.92%, the negative effects of reduced exciton quenching outweigh the positive effects of improved hole collection, resulting in the reduction of PCE as shown in Table 1 and thus PCE peaks at 0.32 wt%.
Conclusions
In conclusion, we have demonstrated $13% improvement in PCE for PSCs incorporating PEG-capped Au NPs in PEDOT: PSS, with enhancements mainly originating from J sc and FF. A peak in PCE performance is obtained at an Au NP concentration of 0.32 wt%. The contribution of the LSPR effect to performance improvement has been investigated through rigorous modeling and experiment. Both theoretical and experimental results show that absorption enhancement due to incorporation of Au NPs is insignificant and provides only minor contribution to PCE improvement. We find that the reason is due to the lateral distribution feature of the strong near-field of plasmonic resonance around the metallic NPs. Importantly, the finding can also be applied to other cases with metallic NPs (such as Ag and Pt) incorporated into the buffer layer adjacent to active layers of typical organic thin film solar cells. Our work suggests that the optical properties of PSCs such as the direction dependence of absorption enhancement cannot be fully described by traditional physical quantities, such as scattering cross section. It is highly necessary to account for near-field physics in order to provide a full picture for the effective optical design of photovoltaics.
Considering electrical characteristics, we find that the incorporation of an appropriate amount of Au NPs reduces the resistance of the PEDOT:PSS layer. AFM images of NP incorporated PEDOT:PSS show that there is an increase in the interfacial roughness between P3HT:PCBM and PEDOT:PSS after incorporation of Au NPs. The roughened interface contributes to the improvement of hole collection efficiency and leads to J sc and FF enhancements. PL measurements show that incorporation of Au NPs leads to reduced exciton quenching at D/A junctions at high NP concentrations due to the change in internal networking of the active layer. Our results indicate that the competition between the effects of hole collection improvements and reduced exciton quenching, instead of LSPR effects, leads to the performance peak at 0.32 wt%. This report highlights the importance of studying both optical and electrical properties for better understanding the origins of PCE improvements in PSCs incorporated with metallic NPs. This journal is ª The Royal Society of Chemistry 2011 
